Mendelian transmission (9, 48, 50), and which may play a significant role in host 48 evolution (2, 3, 19, 20, 21, 42). Gammaretroviruses are found in diverse mammalian 49 hosts including primates (24, 47), mouse (37), cat (36), sheep (25), pig (34), cow (53), 50 whale (26), koala (18, 45), and avian hosts (40), and represent good models for 51 determining both the patterns and processes of retroviral evolution. However, although 52 gammaretroviruses have been commonly described in mammalian species, their 53 evolutionary origins remain enigmatic. 54 After rodents, bats (mammalian order Chiroptera) are the most species-rich order of 55 mammals, with 1,116 species found worldwide (38). Their distinctive ecological features 56 include their ability to fly, hibernation, relatively long-life span, and gregarious roosting 57 behavior, the latter making them ideal vectors for the maintenance of viral infections. 58 Indeed, bats are known to harbor more than 60 distinct viruses, including representatives 59 from the Rhabdoviridae, Orthomyxoviridae, Paramyxoviridae, Coronaviridae, 60 Togaviridae, Flaviviridae, Bunyaviridae, Reoviridae, Arenaviridae, Herpesviridae, 61 Picornaviridae, and Filoviridae families (5, 51). Bats can be exposed to some pathogens 62 on November 13, 2017 by guest http://jvi.asm.org/ Downloaded from 5 (http://expasy.org). A cut-off E value (< 1e -10 ) was set and genes were identified 89 according to the best hit matches against known sequences in the public databases. 90 The Animal Ethics Committee of East China Normal University approved all studies 91 involving bats (approval number 20110224). 92
Reverse transcription -polymerase chain reaction (RT-PCR). To verify the 93
presence of retroviral sequences in the bat transcriptome, we used RT-PCR to amplify 94 the partial retroviral genome discovered. Briefly, brain RNA was extracted using the 95 RNAiso Kit (TaKaRa). For first-strand cDNA synthesis, 2.5 µg of total RNA was reverse 96 transcribed using SuperScript III RT (Invitrogen) in a total volume of 20 µl. Three pairs of 97 primers were designed to amplify 4,516 nt of the RfRV sequence which included partial 98 gag, complete pol, and partial env: gag-F2 (5′-TGC AAG GGG ATA ATG AAA GC-3′) and 99 gag-R1 (5′-TTG AAG CCT TGC GGT AGT CT-3′) (amplifying 1522 nt); gamma-F1 (5′-100 AGA CTA CCG CAA GGC TTC AA-3′) and gamma-R1 (5′-TCC GCT GTA ACA AAG CCT 101 CT-3′) (amplifying 1268 nt); and env-1F1 (5′-AGA GGC TTT GTT ACA GCG GA-3′) and 102 env-1R1 (5′-GTT TCT TAG GTT CCC TGG GC-3′) (amplifying 1766 nt). PCR was 103 performed using Ex Taq TM DNA polymerase (TaKaRa) with the following reaction 104 conditions: 94°C for 5 min followed by 30 cycles consisting of 94°C for 30 sec, 54°C for 105 30 sec, 72°C for 70-90 sec, and a final extension of 72°C for 10 min. All PCR products 106 were ligated into the pGEM ® -T Easy vector (Promega) and transformed into E.coli for 107 plasmid amplification and purification. The universal T7 (5′-TAA TAC GAC TCA CTA 108 TAG GG-3′) and SP6 (5′-ATT TAG GTG ACA CTA TAG-3′) sequencing primers were 109 used to sequence all positive molecular clones on an ABI 3730 DNA sequencer (Applied 110
Biosystems). 111
Rapid amplification of cDNA ends (RACE). Using the 4,516 nt RfRV mRNA 112 transcript as the target, we performed 5′-and 3′-RACE using the SMARTer RACE cDNA were used. For 3′-RACE, the 3-race-3 (5′-GTC AGG GTT AAC AGC CCC TAG CCT G-120 3′) and UPM primers were used for the first round and the nested 3-race-4 (5′-GGT TCT 121 CTG TCT GTC TGA GGG GGA C-3′) and NUP primers were used for the second. (http://darwin.uvigo.es/software/prottest_server.html) was used to select the best-fit 171 model of protein evolution (1) . Accordingly, the LG+Γ model was selected for data sets 172 of Pol, Gag, and the partial Pol alignment including seven bat partial genes. 173 We tested whether there had been co-divergence between the bat 174 gammaretroviruses and their hosts using the TreeMap 3 program (6), utilizing the host 175 species tree retrieved from the tree of life (41, 46). A single optimal reconstruction was 176 found with the heuristic search option. The significance of the observed fit between the 177 bat retroviruses and their hosts was determined by comparison with the distribution of 178 the same measure of fit by randomizing the dependent phylogeny 10,000 times. 179
180

RESULTS
181
Identification of gammaretroviral sequences in the bat transcriptome.
We 182 performed de novo transcriptome sequencing of total RNA isolated from the whole brain 183 of the greater horseshoe bat (R. ferrumequinum). Sequence similarity searches 184 revealed six matches that were similar to gammaretroviruses (provided upon request). 185 The longest exogenous homolog named RfRV (R. ferrumequinum retrovirus) of 6,732 nt 186 in length was used to recover the full-length viral sequence. 187
Genomic organization of RfRV. We used RT-PCR and RACE to recover the full 188 length RfRV genome (Figure 1 ). The complete RfRV genome was 8,356 nt and has a 189 typical gammaretrovirus genomic structure comprising the gag (1,725 nt), pol (3,246 nt) 190 and env (1,878 nt) genes and direct repeats (R) at both ends, which are longer (i.e. 2). Our phylogenetic analysis placed RfRV at the base of the phylogenetic tree of known 205 mammalian isolates. 206 We conducted equivalent phylogenetic analyses using RfRV Gag amino acid 207 sequences. Importantly, the Gag phylogenetic tree exhibited a similar pattern as that of 208
Pol. RfRV was again basal to all extant mammalian gammaretroviruses with only the 209 avian REV isolate being more divergent (Figure 3 ). Phylogenetic analysis of the Env 210 protein was not performed because it was so divergent among gammaretroviruses that a 211 reliable sequence alignment could not be achieved. long-term host-virus co-divergence, there is no statistically significant evidence for co-233 divergence across the data set as a whole (P = 0.366), and instances of cross-species 234 transmission are evident. However, after the collapsing RpeRV node, which exhibited 235 relatively weak bootstrap support, and repeating the TreeMap analysis we observed 236 significantly more similarity in the virus and host trees than expected by chance alone (P 237 = 0.045), in support of the co-divergence hypothesis. Clearly, the frequency of cross-238 species transmission versus co-divergence will need to be examined using a larger data 239 set. as reservoirs for human outbreaks (7, 11, 27, 28, 30, 32). Our observation that non-bat 246 mammalian gammaretroviruses form a lineage within the radiation of bat virus lineages 247 (Fig. 4) raises an intriguing possibility that mammalian counterparts may have originated 248 in bats, although this will clearly need to be tested with a far larger data set. In our study, 249 seven bat species were found to harbor phylogenetically distant gammaretroviruses, 250 supporting the idea that bats are suitable vectors for retrovirus transmission (8, 16) . 251 Unfortunately, the lack of well-characterized bat genomes hinders our ability to 252 determine the time of invasion of these bat gammaretroviruses into the host genomes by 253 using the method identifying the differences of LTRs of proviruses (22). 254 Data from our current study revealed several other important features of the 255 evolution of bat gammaretroviruses. First, because PaRV, carried by the megabat (P. 
China. 269
In sum, our data shows that bats carry a diverse array of mammalian 270 
